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bFGF

:   basic fibroblast growth factor

CI

:   combination index

FGF

:   fibroblast growth factor

FGFR

:   fibroblast growth factor receptor

HIF

:   hypoxia‐inducible factor

mRCC

:   metastatic renal cell carcinoma

mTOR

:   mammalian target of rapamycin

MVD

:   microvessel density

p/s

:   100 units/mL penicillin--100 μg/mL streptomycin

RCC

:   renal cell carcinoma

RTV

:   relative tumor volume

VEGF

:   vascular endothelial growth factor

VEGFR

:   vascular endothelial growth factor receptor

VHL

:   von Hippel--Lindau

Lenvatinib mesilate (lenvatinib) is an orally administered, multitargeted tyrosine kinase inhibitor that selectively inhibits VEGFR1--3, FGFR1--4, platelet‐derived growth factor receptor α, RET, and KIT. In 2015, lenvatinib was approved in the USA, the EU, and Japan for the treatment of progressive, locally recurrent or metastatic, radioactive iodine‐refractory differentiated thyroid cancer, or unresectable thyroid cancer.[1](#cas13169-bib-0001){ref-type="ref"} Lenvatinib blocks VEGF‐ and FGF‐driven angiogenesis, KIT‐dependent angiogenesis, RET‐fusion/Ret mutant tumorigenesis, and VEGFR3‐associated lymphangiogenesis.[2](#cas13169-bib-0002){ref-type="ref"}, [3](#cas13169-bib-0003){ref-type="ref"}, [4](#cas13169-bib-0004){ref-type="ref"}, [5](#cas13169-bib-0005){ref-type="ref"}, [6](#cas13169-bib-0006){ref-type="ref"} Phase I clinical trials have shown the activity of lenvatinib against multiple types of cancer,[7](#cas13169-bib-0007){ref-type="ref"}, [8](#cas13169-bib-0008){ref-type="ref"} and several phase II/III trials of lenvatinib as a monotherapy or in combination with other drugs are ongoing.

Renal cell carcinoma is the most common type of kidney cancer and approximately 30% of patients have metastatic disease at the time of diagnosis.[9](#cas13169-bib-0009){ref-type="ref"}, [10](#cas13169-bib-0010){ref-type="ref"} In clear‐cell RCC, the most prominent subtype of RCC, the VHL tumor‐suppressor protein is frequently inactivated, leading to the activation of HIF and consequent upregulation of the proangiogenic factor VEGF.[11](#cas13169-bib-0011){ref-type="ref"}, [12](#cas13169-bib-0012){ref-type="ref"}, [13](#cas13169-bib-0013){ref-type="ref"}, [14](#cas13169-bib-0014){ref-type="ref"}, [15](#cas13169-bib-0015){ref-type="ref"} Due to this characteristic of RCC, the standard of care for first‐line treatment of patients with advanced or mRCC includes VEGF or VEGFR‐targeted anti‐angiogenic therapeutics.[16](#cas13169-bib-0016){ref-type="ref"} In addition, the mTOR pathway is also activated in RCC.[17](#cas13169-bib-0017){ref-type="ref"}, [18](#cas13169-bib-0018){ref-type="ref"} In preclinical models, treatment with everolimus, an mTOR inhibitor, had direct antitumor effects through cell cycle arrest and increased apoptosis, as well as anti‐angiogenic activity.[19](#cas13169-bib-0019){ref-type="ref"}, [20](#cas13169-bib-0020){ref-type="ref"} Everolimus was approved and has been used as a second‐line therapy for the treatment of advanced RCC.[16](#cas13169-bib-0016){ref-type="ref"}

Despite the improvements in patient outcomes with these targeted therapies for mRCC, the 5‐year relative survival of patients with mRCC remains low,[21](#cas13169-bib-0021){ref-type="ref"} indicating that improved therapeutic strategies in this setting are still required. One possible treatment strategy is the combination of two classes of targeted agents, namely VEGF‐targeted agents and mTOR inhibitors. Indeed, this combination has been investigated in a number of clinical studies of mRCC; however, almost all of these trials have yielded disappointing outcomes due to unacceptable safety profiles and/or poor efficacy.[22](#cas13169-bib-0022){ref-type="ref"} In a recent phase II clinical study of patients with mRCC who had progressed on a VEGFR‐targeted therapy, lenvatinib in combination with everolimus significantly improved clinical outcomes compared with everolimus monotherapy (NCT01136733),[23](#cas13169-bib-0023){ref-type="ref"} and this combination treatment was approved in the USA and EU in 2016. However, the detailed mechanisms underlying the efficacy of this combination treatment remain to be elucidated.

Here, we investigated the mechanism underlying the efficacy of the lenvatinib plus everolimus combination in preclinical models. Our study showed that the ability of the combination to both inhibit angiogenesis and exert direct antitumor effects led to tumor xenograft regression. In addition, our data showed simultaneous targeting of VEGFR/FGFR and the downstream mTOR pathway in endothelial cells by the lenvatinib plus everolimus combination potently enhanced the anti‐angiogenic phenotypes of the individual agents.

Materials and Methods {#cas13169-sec-0002}
=====================

Cell lines and reagents {#cas13169-sec-0003}
-----------------------

All RCC cell lines were obtained from the ATCC (Manassas, VA, USA). A‐498 cells were cultured in RPMI‐1640 supplemented with 10% FBS and p/s. Caki‐1 and Caki‐2 cells were cultured in RPMI‐1640 supplemented with 10% FBS, 1 mmol/L sodium pyruvate, 50 μmol/L 2‐mercaptoethanol, and p/s. KP‐1 transfectants overexpressing either human VEGF121 (KP‐1/VEGF) or mouse FGF4 (KP‐1/FGF) were established previously,[6](#cas13169-bib-0006){ref-type="ref"} and were cultured in RPMI‐1640 supplemented with 10% FBS, 0.6 mg/mL Geneticin (Wako, Osaka, Japan), sodium pyruvate, 2‐mercaptoethanol, and p/s. Human umbilical vein endothelial cells were isolated from a human umbilical cord that was obtained with informed consent in the Shoji clinic (Tsukuba, Japan). The experiments using the umbilical cord and isolated HUVECs were approved by the Research Ethics Committee of Eisai Co., Ltd. The HUVECs were maintained in EGM‐2 BulletKit (Lonza, Basel, Switzerland) and used at passage 3 or 4. All cells were maintained at 37°C in 5% CO~2~. Lenvatinib and PD173074 were synthesized at Eisai Co., Ltd. (Tsukuba, Japan). Everolimus was purchased from LC Laboratories (Woburn, MA, USA).

Western blot analysis {#cas13169-sec-0004}
---------------------

The HUVECs were seeded at 3 × 10^5^ cells/dish in 60‐mm dishes, cultured overnight, and then starved in Human Endothelial‐SFM (Life Technologies, Carlsbad, CA, USA) with 0.5% FBS and p/s for approximately 16 h. The cells were treated for 1 h with vehicle only or lenvatinib, everolimus, or both, then stimulated with 20 ng/mL VEGF (R&D Systems, Minneapolis, MN, USA) or 20 ng/mL bFGF (Invitrogen, Carlsbad, CA, USA) for 30 min. The cells were then rinsed with PBS and lysed with RIPA buffer (Thermo Fisher Scientific, Waltham, MA, USA) containing protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) and phosphatase inhibitor cocktail 2 and 3 (Sigma--Aldrich, St. Louis, MO, USA). Cell lysates were sonicated and centrifuged at 21 600 *g* for 20 min at 4°C. Lysed samples were electrophoresed in 5%--20% polyacrylamide gels. Separated proteins were transferred onto PVDF membranes. The membranes were blocked with 5% skim milk or BSA dissolved in Tris‐buffered saline (Takara Bio, Shiga, Japan) with 0.1% Tween 20 and incubated individually with the following primary antibodies: Erk1/2, pErk1/2, S6K, pS6K (T389), pS6K (T421/S424), S6, pS6 (S235/S236) (Cell Signaling Technology, Beverly, MA, USA), and β‐actin (Sigma‐Aldrich). All the primary antibodies were diluted 1:2000, except β‐actin, which was diluted 1:10 000. Each membrane was then washed and incubated with HRP‐conjugated secondary antibody (1:5000; Cell Signaling Technology), and antibody complexes were detected with the ECL Prime Western Blotting Detection System (GE Healthcare Life Sciences, Little Chalfont, UK). Immunoreactive bands were visualized using an image analyzer (LAS‐4000; Fuji Film, Tokyo, Japan).

Human umbilical vascular endothelial cell proliferation assay {#cas13169-sec-0005}
-------------------------------------------------------------

The HUVECs were seeded at 1.5 × 10^3^ cells/well in 96‐well plates in Human Endothelial‐SFM supplemented with 2% FBS and p/s, and cultured overnight. The cells then were treated with vehicle only (control) or 1:2 serial dilutions of lenvatinib, everolimus, or both at the fixed dose ratios indicated in Table [1](#cas13169-tbl-0001){ref-type="table-wrap"} in the presence of 5 ng/mL VEGF (R&D Systems) and cultured for 3 days. Cell viability was determined using a Cell Counting Kit‐8 (Dojindo Molecular Technologies, Kumamoto, Japan). The optical density at 450 nm (reference, 650 nm) of each well was measured by using a microplate reader (SpectraMax 250; Molecular Devices, Sunnyvale, CA, USA). Inhibition of cell growth (fractional inhibition) was determined, and the resulting values were used to calculate the CI. Each experiment contained triplicate samples, and two independent experiments were carried out.

###### 

Effects of lenvatinib plus everolimus on vascular endothelial growth factor (VEGF)‐induced proliferation and basic fibroblast growth factor (bFGF)‐induced tube formation of HUVECs

  Drug                                Lenvatinib / everolimus ratio   IC~50~ of lenvatinib, nmol/L   IC~50~ of everolimus, nmol/L   CI[†](#cas13169-note-0002){ref-type="fn"} at IC~50~   Combination effect[‡](#cas13169-note-0002){ref-type="fn"}
  ----------------------------------- ------------------------------- ------------------------------ ------------------------------ ----------------------------------------------------- -----------------------------------------------------------
  \(a\) VEGF‐induced proliferation                                                                                                                                                        
  Lenvatinib                          --                              2.10                           --                             --                                                    --
  Everolimus                          --                              --                             0.69                           --                                                    --
  Combination                         2.5:1                           0.75                           0.30                           0.80                                                  Moderate synergism
  5:1                                 1.44                            0.29                           1.11                           Additive                                              
  10:1                                1.79                            0.18                           1.12                           Additive                                              
  20:1                                2.12                            0.11                           1.17                           Additive                                              
  \(b\) bFGF‐induced tube formation                                                                                                                                                       
  Lenvatinib                          --                              30.3                           --                             --                                                    --
  Everolimus                          --                              --                             75.0                           --                                                    --
  Combination                         1:4                             5.43                           21.7                           0.47                                                  Synergism
  1:8                                 4.00                            32.0                           0.56                           Synergism                                             
  1:12                                3.17                            38.0                           0.61                           Synergism                                             
  1:16                                3.01                            48.1                           0.74                           Moderate synergism                                    

Data are presented as geometric means of two independent experiments performed in triplicate. †Combination index (CI) was calculated using CalcuSyn software. ‡Combination effects were evaluated as described in Materials and Methods. --, Not applicable.
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Tube formation assay {#cas13169-sec-0006}
--------------------

Geltrex (Life Technologies) was added to 96‐well plates at 45 μL/well and incubated at 37°C for 1 h. The HUVECs were diluted in Medium 200PRF (Life Technologies) and seeded on the gel at 1.2 × 10^4^ cells/well. The cells were treated with vehicle only (control) or 1:2 serial dilutions of lenvatinib, everolimus, or both at the fixed dose ratios indicated in Table [1](#cas13169-tbl-0001){ref-type="table-wrap"} in the presence of 20 ng/mL bFGF (Invitrogen) and cultured for 22 h at 37°C in 5% CO~2~. After the incubation, MTT was added to each well, and the cells were incubated for a further 2 h. Images of capillary‐like structures were obtained (GelCount; Oxford Optronix, Abingdon, UK), and tube length was measured (In Cell Developer Toolbox, version 1.9.2; GE Healthcare). Inhibition of tube formation (fractional inhibition) was determined, and the resulting values were used to calculate the CI. Each experiment included triplicate samples, and two independent experiments were carried out.

Determination of the combination index {#cas13169-sec-0007}
--------------------------------------

The effects of the drug combinations were evaluated according to the median‐effect equation.[24](#cas13169-bib-0024){ref-type="ref"}, [25](#cas13169-bib-0025){ref-type="ref"} The fractional inhibition values were imported into CalcuSyn software (version 2.0; Biosoft, Cambridge, UK) to determine the median‐effect dose (D~m~, equivalent to the IC~50~ value), and the CI values at the IC~50~. According to previously reported definitions of synergism or antagonism,[25](#cas13169-bib-0025){ref-type="ref"} the following CI ranges were applied: synergism, CI ≤ 0.7; moderate synergism, 0.7 \< CI ≤ 0.85; additive effect, 0.85 \< CI ≤ 1.2; moderate antagonism, 1.2 \< CI ≤ 1.45; and antagonism, 1.45 \< CI.[25](#cas13169-bib-0025){ref-type="ref"} Of note, the linearity of median‐effect plots for some monotherapies was compromised because the maximum effects did not achieve complete inhibition. In those cases, fractional inhibition values of ≤0.5 and the lowest value exceeding 0.5 for each treatment were used for CI determination to avoid overestimation of the effect.

Renal cell carcinoma cell line proliferation assay {#cas13169-sec-0008}
--------------------------------------------------

A‐498 and Caki‐1 cells were plated on 96‐well plates at 100 cells/well, cultured overnight, treated with vehicle only (control) or 1:3 serial dilutions of lenvatinib or everolimus, and then cultured. On day 3 after the addition of these drugs or vehicle, the medium was replaced with freshly prepared drug (or vehicle)‐containing medium, and the cells were incubated for another 3 days. Cell viability was determined by using a Cell Counting Kit‐8, and IC~50~ values were calculated by using GraphPad Prism 6.05 (GraphPad Software, La Jolla, CA, USA). Each experiment contained triplicate samples, and three independent experiments were carried out.

Human cancer cell xenograft mouse models {#cas13169-sec-0009}
----------------------------------------

Animal experiments were carried out in accordance with the Institutional Animal Care and Use Committee guidelines of Eisai Co., Ltd. Female BALB/c nude mice (CAnN.Cg‐Foxn1^nu^/CrlCrlj) were obtained from Charles River Laboratories Japan (Kanagawa, Japan). A‐498, Caki‐1, and Caki‐2 cells were suspended in 50% Matrigel (Corning, Corning, NY, USA) and KP‐1 transfectants were suspended in Geneticin‐free medium at 5 × 10^7^--1 × 10^8^ cells/mL; 0.1--0.2 mL cell suspension was inoculated s.c. into the right flank of each mouse. Once the tumors had reached the desired volume, the mice were selected according to tumor volume and shape and randomly allocated to treatment groups (day 1). Lenvatinib was dissolved in 3 mmol/L HCl or distilled water. Everolimus was dissolved in a solution comprising DMSO, Tween‐80, and 5% glucose (35:65:900 \[or 1:2:27\]), and PD173074 was dissolved in distilled water containing equimolar HCl. Each diluted drug or vehicle was given orally to individual mice once daily. Tumor dimensions were measured twice weekly with a caliper, and tumor volume was calculated as ½ × length × width^2^. The RTV was calculated by dividing the daily tumor volume by that of the same mouse on day 1. Body weight was also measured twice weekly, and the relative body weight was calculated by dividing the daily body weight by that of the same mouse on day 1.

Measurement of microvessel density {#cas13169-sec-0010}
----------------------------------

Fragments of resected tumor xenografts were fixed with 10% formalin and embedded in paraffin. Tissue sections were stained with rat anti‐mouse CD31 mAb (1:100; clone SZ31, Dianova) and visualized using a Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) or DAB MAP kit (Roche Diagnostics). Nuclei were counterstained with hematoxylin. The slides were scanned using the ScanScope XT system (Aperio; Leica Biosystems, Wetzlar, Germany); the five regions of interest (each 500 × 500 μm) with the highest densities of CD31‐stained microvessels in each tumor slice were selected manually (ImageScope v.12.1.0.5029; Leica Biosystems). The number of microvessels in each region of interest was measured using the Microvessel Analysis Algorithm v1.0 (Leica Biosystems). Microvessel density was expressed as the number of microvessels per mm^2^; the mean MVD of the five regions of interest was defined as the MVD of the tumor.

Statistical analysis {#cas13169-sec-0011}
--------------------

Antitumor and anti‐angiogenic activities were compared between treatment groups using the Dunnett multiple comparison test. Comparisons between two groups were by unpaired *t‐*test. A *P*‐value of \<0.05 was defined as significant. Statistical analyses were carried out using GraphPad Prism 6.05 software.

Additional Materials and Methods are provided in Appendix. [S1](#cas13169-sup-0006){ref-type="supplementary-material"} and Table [S1](#cas13169-sup-0005){ref-type="supplementary-material"}.

Results {#cas13169-sec-0012}
=======

Antitumor activity of the combination of lenvatinib plus everolimus in human RCC xenograft mouse models {#cas13169-sec-0013}
-------------------------------------------------------------------------------------------------------

We first evaluated the antitumor activity of lenvatinib and everolimus as monotherapies and in combination in three human RCC xenograft (A‐498, Caki‐1, and Caki‐2) mouse models. The RCC cells were s.c. inoculated, and when tumor sizes had reached 200--350 mm^3^ (day 1), the mice were randomly allocated into four groups for each xenograft model. Mice then received vehicle only, lenvatinib at 10 mg/kg, everolimus at 30 mg/kg, or the combination of lenvatinib (10 mg/kg) plus everolimus (30 mg/kg) orally daily for 14 days. In all three RCC xenograft models tested, each monotherapy showed inhibition of tumor growth on day 15 compared with vehicle only control (Fig. [1](#cas13169-fig-0001){ref-type="fig"}a). Combination treatment with lenvatinib plus everolimus yielded significantly greater inhibition of tumor growth compared with each monotherapy in all three models (Fig. [1](#cas13169-fig-0001){ref-type="fig"}a) and led to tumor regression in the A‐498 and Caki‐1 models (Fig. [1](#cas13169-fig-0001){ref-type="fig"}a). The combination treatment was well tolerated and did not cause increased loss of body weight compared with that observed with lenvatinib or everolimus monotherapy (Fig. [1](#cas13169-fig-0001){ref-type="fig"}b).

![Antitumor activities of lenvatinib, everolimus, and the lenvatinib plus everolimus combination in human renal cell carcinoma A‐498, Caki‐1, and Caki‐2 xenograft models in mice. Mice orally received vehicle only, 10 mg/kg lenvatinib, 30 mg/kg everolimus, or both once daily for 14 days. (a) Relative tumor volume of A‐498, Caki‐1, or Caki‐2 xenografts. Data on a log2 scale are shown as mean + SD compared with tumor volume on day 1. \**P* \< 0.05 versus vehicle control; \#*P* \< 0.05 between indicated treatments; *n* = 6 (Caki‐1 and Caki‐2) or 10 (A‐498) mice per group. (b) Relative body weight of the same mice shown in (a). Data are expressed as mean + SD.](CAS-108-763-g005){#cas13169-fig-0001}

Anti‐angiogenic activity of the combination of lenvatinib plus everolimus in human RCC xenograft models {#cas13169-sec-0014}
-------------------------------------------------------------------------------------------------------

We next investigated the inhibitory effects of lenvatinib, everolimus, and the combination on tumor angiogenesis in A‐498 and Caki‐1 models, in which the combination treatment had induced tumor regression. Tumor angiogenesis was evaluated by measuring MVD after staining with an anti‐CD31 antibody. Whereas lenvatinib monotherapy robustly reduced the MVD in A‐498 xenografts, everolimus monotherapy did not (Fig. [2](#cas13169-fig-0002){ref-type="fig"}a, upper panels; Fig. [2](#cas13169-fig-0002){ref-type="fig"}b, left panel). In addition, MVD of mice bearing A‐498 xenografts who received the lenvatinib plus everolimus combination treatment was equivalent to that in mice treated with lenvatinib monotherapy (Fig. [2](#cas13169-fig-0002){ref-type="fig"}a, upper panels; Fig. [2](#cas13169-fig-0002){ref-type="fig"}b, left panel), suggesting that angiogenesis was suppressed primarily by lenvatinib. This result was supported by data from the gene expression analysis, in which angiogenesis‐related mouse genes were mainly downregulated by lenvatinib monotherapy and the combination treatment in A‐498 xenografts (Fig. [S1](#cas13169-sup-0001){ref-type="supplementary-material"}). Furthermore, the lenvatinib‐induced anti‐angiogenic effect in A‐498 xenografts was associated with tissue hypoxia (Fig. [S2](#cas13169-sup-0002){ref-type="supplementary-material"}). In the Caki‐1 model, either lenvatinib or everolimus monotherapy significantly reduced MVD compared with the control, and the combination of lenvatinib plus everolimus achieved a greater decrease in MVD than either monotherapy (Fig. [2](#cas13169-fig-0002){ref-type="fig"}a, lower panels; Fig. [2](#cas13169-fig-0002){ref-type="fig"}b, right panel).

![Anti‐angiogenic activity of lenvatinib, everolimus, and the lenvatinib plus everolimus combination in A‐498 and Caki‐1 renal cell carcinoma xenograft models. Mice bearing xenografts were randomly allocated to treatment groups when the tumor size had reached approximately 400--500 mm^3^ (day1); mice then orally received vehicle only, 10 mg/kg lenvatinib, 30 mg/kg everolimus, or both once daily for 7 days. (a) Representative images of tumor microvessels stained by anti‐CD31 antibody. For controls, vehicle‐treated or untreated mice were used in the A‐498 or Caki‐1 model, respectively. Bar = 100 μm. (b) Effects on tumor microvessel density (MVD). Data are presented as mean + SD (*n* = 5 mice per group). \*MVD significantly (*P \<* 0.05) different from control; \#MVD significantly (*P \<* 0.05) different between indicated treatments.](CAS-108-763-g004){#cas13169-fig-0002}

Antiproliferative activity of lenvatinib and everolimus in A‐498 and Caki‐1 cells {#cas13169-sec-0015}
---------------------------------------------------------------------------------

To examine whether lenvatinib and everolimus have an antiproliferative activity against A‐498 and Caki‐1 cells, we undertook *in vitro* proliferation assays. Cells were exposed to each drug for 6 days and then the relative number of viable cells was determined. The IC~50~ values of everolimus in A‐498 and Caki‐1 cells were 5.46 nmol/L (95% confidence interval, 1.73--17.2) and 21.0 nmol/L (95% confidence interval, 4.34--102), respectively, whereas the IC~50~ values of lenvatinib were \>5 μmol/L in both cell lines. These findings indicate that everolimus (but not lenvatinib) potently inhibits the proliferation of these RCC cell lines. The antiproliferative effect of everolimus observed *in vitro* was consistent with the data that cell cycle‐related genes were downregulated by everolimus monotherapy in A‐498 xenograft model (Fig. [S1](#cas13169-sup-0001){ref-type="supplementary-material"}).

Effects of lenvatinib plus everolimus on VEGF‐induced intracellular signaling and cell proliferation in HUVECs *in vitro* {#cas13169-sec-0016}
-------------------------------------------------------------------------------------------------------------------------

We then investigated the effects of combined treatment with lenvatinib plus everolimus on VEGF‐stimulated cellular functions in endothelial cells *in vitro*. To clarify the effect of these compounds on intracellular signal transduction, we carried out Western blot analyses to assess the activities of Erk1/2, S6K, and S6. As expected, lenvatinib inhibited the phosphorylation of Erk1/2, S6K (Thr389 and Thr421/Ser424), and S6 (Ser235/Ser236) through its inhibitory activity against VEGFR (Fig. [3](#cas13169-fig-0003){ref-type="fig"}a).[6](#cas13169-bib-0006){ref-type="ref"} In contrast, everolimus suppressed the phosphorylation of S6K (Thr389 and Thr421/Ser424) and S6 (Ser235/Ser236), but not Erk1/2 (Fig. [3](#cas13169-fig-0003){ref-type="fig"}a). The combination of lenvatinib plus everolimus suppressed both the MAPK and mTOR pathways. Notably, the suppression of S6K (Thr421/Ser424) and S6 (Ser235/Ser236) phosphorylation was greater with the combination treatment than with either monotherapy (Fig. [3](#cas13169-fig-0003){ref-type="fig"}a). The apparent inability of the lenvatinib plus everolimus combination to enhance the inhibition of S6K (Thr389) phosphorylation probably reflects complete suppression by treatment with everolimus monotherapy.

![Effects on vascular endothelial growth factor (VEGF)‐ or basic fibroblast growth factor (bFGF)‐stimulated intracellular signaling, and FGF‐induced angiogenesis and tumor growth. (a,b) Western blot analysis of phosphorylated (Phospho‐) Erk1/2, S6K, and S6. Images shown are representative of three independent experiments. (a) VEGF‐induced phosphorylation. HUVECs were treated for 1 h with vehicle only (−), 100 nmol/L lenvatinib (L), 1 nmol/L everolimus (E), or both, then stimulated with 20 ng/mL VEGF for 30 min. (b) bFGF‐induced phosphorylation. HUVECs were treated for 1 h with vehicle only (--), 1000 nmol/L lenvatinib, 1 nmol/L everolimus, or both, then stimulated with 20 ng/mL bFGF for 30 min. (c) Antitumor activity of PD173074. Mice bearing Caki‐1 xenograft tumors were randomly allocated to groups when their tumor size had reached approximately 400 mm^3^ (day 1); mice then orally received 50 mg/kg PD173074 once daily for 14 days. Data are shown as RTV (mean + SD; *n* = 6 mice per group); \* *P* \< 0.05 versus untreated control. (d) Anti‐angiogenic activity of PD173074. Mice bearing Caki‐1 xenograft tumors were randomly allocated to groups when their tumor size had reached approximately 500 mm^3^ (day 1); mice then orally received 50 mg/kg PD173074 once daily for 14 days. Representative images of anti‐CD31‐positive tumor microvessels (left), and quantification of microvessel density on day 15 (right). Bar = 100 μm. Data are presented as mean + SD (*n* = 5 mice per group). \**P* \< 0.05 versus untreated control.](CAS-108-763-g003){#cas13169-fig-0003}

Next, we used the median‐effect method to evaluate the combined effects of lenvatinib plus everolimus on VEGF‐driven proliferation of HUVECs. All treatments inhibited the VEGF‐induced proliferation of HUVECs in a dose‐dependent manner. The CI values for four dose ratios (lenvatinib:everolimus, 2.5:1, 5:1, 10:1, and 20:1) were between 0.80 and 1.17, indicating that the combination treatment resulted in mostly additive interactions (Table [1](#cas13169-tbl-0001){ref-type="table-wrap"}a).

Effects of lenvatinib plus everolimus on FGF‐induced intracellular signaling pathways and tube formation of HUVECs *in vitro* {#cas13169-sec-0017}
-----------------------------------------------------------------------------------------------------------------------------

Fibroblast growth factor is another potent pro‐angiogenic factor associated with tumor growth, including in RCC,[26](#cas13169-bib-0026){ref-type="ref"}, [27](#cas13169-bib-0027){ref-type="ref"} and we found that FGF was expressed in the three RCC cell lines we examined (Fig. [S3](#cas13169-sup-0003){ref-type="supplementary-material"}). As lenvatinib inhibits both VEGF‐ and FGF‐induced angiogenesis *in vivo*,[6](#cas13169-bib-0006){ref-type="ref"} we assessed the effect of the lenvatinib plus everolimus combination on FGF‐induced angiogenesis. Similar to the effects on VEGF‐stimulated signaling pathways in HUVECs, Western blot analyses showed that lenvatinib monotherapy suppressed both the MAPK and mTOR pathways in bFGF‐stimulated HUVECs, whereas everolimus monotherapy inhibited only the mTOR pathway (Fig. [3](#cas13169-fig-0003){ref-type="fig"}b). However, S6K (Thr421/Ser424) and S6 (Ser235/Ser236) phosphorylation were inhibited more strongly by the lenvatinib plus everolimus combination than by either drug alone (Fig. [3](#cas13169-fig-0003){ref-type="fig"}b).

Combination index values from bFGF‐induced tube formation assays were determined. In these experiments, drug effects on the ability of HUVECs (in response to bFGF) to form capillary‐like structures on a gel containing basement membrane extract were examined.[28](#cas13169-bib-0028){ref-type="ref"} Lenvatinib, everolimus, and the combination dose‐dependently inhibited tube formation, and the inhibitory effect of the combination treatment was greater than that of each monotherapy. The CI values for four dose ratios (lenvatinib:everolimus, 1:4, 1:8, 1:12, and 1:16) were between 0.47 and 0.74, indicating that this was mostly a synergistic interaction (Table [1](#cas13169-tbl-0001){ref-type="table-wrap"}b).

Antitumor and anti‐angiogenic activities of FGFR inhibitor in the Caki‐1 xenograft RCC mouse model {#cas13169-sec-0018}
--------------------------------------------------------------------------------------------------

In MVD assays of Caki‐1 xenograft mouse models, the combination of lenvatinib plus everolimus enhanced the anti‐angiogenic effect (Fig. [2](#cas13169-fig-0002){ref-type="fig"}); therefore, we tested if FGF signaling influenced tumor growth and angiogenesis in this model using PD173074, an FGFR‐selective inhibitor.[29](#cas13169-bib-0029){ref-type="ref"} Tumor volume on day 15 after PD173074 (50 mg/kg) treatment was significantly smaller than control (Fig. [3](#cas13169-fig-0003){ref-type="fig"}c). In addition, MVD was also decreased after PD173074 treatment compared with vehicle control (Fig. [3](#cas13169-fig-0003){ref-type="fig"}d). Taken together, these results indicate that FGF‐driven tumor angiogenesis may contribute to Caki‐1 tumor growth.

Effects of lenvatinib, everolimus, and lenvatinib plus everolimus on VEGF‐ or FGF‐driven angiogenesis‐dependent tumor growth in mice {#cas13169-sec-0019}
------------------------------------------------------------------------------------------------------------------------------------

Lenvatinib plus everolimus showed additive to synergistic inhibition of VEGF‐ or FGF‐induced proliferation and tube formation of HUVECs *in vitro* (Table [1](#cas13169-tbl-0001){ref-type="table-wrap"}). To further examine these effects *in vivo*, we used KP‐1 transfectant mouse models where tumor growths are supported by VEGF‐ or FGF‐induced angiogenesis.[6](#cas13169-bib-0006){ref-type="ref"} KP‐1 transfectants were inoculated s.c. into mice, and when their tumor size had reached approximately 300 mm^3^ (day 1), mice in each xenograft model were randomly allocated to six groups per xenograft model. Mice then received lenvatinib monotherapy, everolimus monotherapy, or the combination daily for 14 (KP‐1/VEGF) or 10 (KP‐1/FGF) days. Lenvatinib monotherapy at 7.5 mg/kg and everolimus monotherapy at 15 mg/kg significantly inhibited tumor growth compared with vehicle control in both models (Fig. [4](#cas13169-fig-0004){ref-type="fig"}). Moreover, the combination treatment with lenvatinib (7.5 mg/kg) plus everolimus (15 mg/kg) showed significantly greater antitumor activity compared with either monotherapy at both identical and higher doses (Fig. [4](#cas13169-fig-0004){ref-type="fig"}). As with the RCC xenograft mouse models, the combination treatments were well tolerated, and did not cause greater body weight loss than either monotherapy (Fig. [S4](#cas13169-sup-0004){ref-type="supplementary-material"}). These results indicate that combined treatment with lenvatinib plus everolimus exerts enhanced antitumor activity against tumor growth that is dependent on VEGF‐ or FGF‐induced angiogenesis.

![Antitumor activity of lenvatinib (LEN), everolimus (EVE), and the combination of lenvatinib plus everolimus in KP‐1/vascular endothelial growth factor (VEGF) and KP‐1/fibroblast growth factor (FGF) xenografts in mice. Mice orally received vehicle only (control), lenvatinib (10 or 7.5 mg/kg), everolimus (30 or 15 mg/kg), or lenvatinib (7.5 mg/kg) plus everolimus (15 mg/kg) once daily for 14 days (KP‐1/VEGF) or 10 days (KP‐1/FGF). (a,b) Tumor growth of KP‐1/VEGF (a) or KP‐1/FGF (b) xenograft model (mean + SD; *n* = 5 mice per group). (c,d) Enhanced antitumor activity of the combination of lenvatinib plus everolimus in KP‐1/VEGF model on day 15 (c) or KP‐1/FGF model on day 11 (d). \**P* \< 0.05 versus vehicle control; ^+^ *P* \< 0.05 between treatments; ^\#^ *P* \< 0.05 versus vehicle control.](CAS-108-763-g002){#cas13169-fig-0004}

Discussion {#cas13169-sec-0020}
==========

We showed here that the combination of lenvatinib plus everolimus exerted greater antitumor activity than either monotherapy in three human RCC xenograft mouse models. Furthermore, lenvatinib plus everolimus treatment led to tumor regression in two (A‐498 and Caki‐1) of the three models. The effects of the various treatments on tumor microvessels, however, differed between these two models: lenvatinib monotherapy was able to reduce MVD in both models, whereas everolimus monotherapy only resulted in decreased MVD in Caki‐1 xenografts (Fig. [2](#cas13169-fig-0002){ref-type="fig"}). A combination effect on MVD was also noted only in this model (Fig. [2](#cas13169-fig-0002){ref-type="fig"}). In the Caki‐1 model, therefore, the greater antitumor activity shown by the combination was a result of improved anti‐angiogenic activity, whereas in the A‐498 model, this appeared to be due to a combination of the anti‐angiogenic activity of lenvatinib with the antiproliferative activity of everolimus. Our data indicated that the enhanced antitumor effect of lenvatinib plus everolimus in human RCC models is accomplished through two distinct mechanisms of action (Fig. [5](#cas13169-fig-0005){ref-type="fig"}a,b).

![Schematic models of multiple mechanisms of action underlying the antitumor activity of combined treatment with lenvatinib plus everolimus in renal cell carcinoma (RCC) xenograft mouse models. (a) Lenvatinib plus everolimus combination enhances the inhibition of both fibroblast growth factor (FGF)‐ and vascular endothelial growth factor (VEGF)‐induced tumor angiogenesis (e.g. Caki‐1 model). (b) Lenvatinib inhibits tumor angiogenesis and everolimus inhibits tumor cell proliferation, resulting in enhanced antitumor activity against RCC (e.g. A‐498 model). (c) Lenvatinib and everolimus cooperate to enhance activity against RCC cell proliferation that is dependent on the FGF receptor (FGFR) signaling pathway. This model is hypothetical but is plausible in light of reports of the importance of the FGF pathway in RCC pathogenesis. (d) Mechanistic model of the dual inhibition of VEGF receptor (VEGFR)/FGFR and downstream mTOR signaling pathway. The increased inhibition of phosphorylation at S6K (T421/S424) and S6 (S235/S236) due to combined treatment with lenvatinib plus everolimus may result from the dual inhibition of both the Erk1/2 and mammalian target of rapamycin (mTOR) signaling pathways. RTK, receptor tyrosine kinase.](CAS-108-763-g001){#cas13169-fig-0005}

Mutation of the *VHL* gene is the most frequent genetic alteration in clear‐cell RCC,[11](#cas13169-bib-0011){ref-type="ref"} resulting in the induction of HIF‐1α and HIF‐2α even under normoxic conditions.[13](#cas13169-bib-0013){ref-type="ref"} A‐498 is a VHL‐deficient RCC cell line, whereas Caki‐1 is known to express wild‐type VHL,[11](#cas13169-bib-0011){ref-type="ref"}, [30](#cas13169-bib-0030){ref-type="ref"} suggesting that lenvatinib can exert anti‐angiogenic activity regardless of the VHL status. Although the combination effect on tumor angiogenesis was observed only in Caki‐1 xenografts with wild‐type VHL, we examined only a few cell lines in this study and therefore the relationship between VHL status and the combined anti‐angiogenic activity warrants further investigation.

In Caki‐2 xenograft model, we did not observe tumor regression even with the combination of lenvatinib plus everolimus (Fig. [1](#cas13169-fig-0001){ref-type="fig"}). It was reported that pericyte‐covered vessels are relatively resistant to anti‐angiogenic therapy,[31](#cas13169-bib-0031){ref-type="ref"} and we previously reported that the percentage of pericyte‐covered vessels might predict lenvatinib activity in a panel of preclinical tumor xenograft models.[6](#cas13169-bib-0006){ref-type="ref"} Caki‐2 tumor tissues were relatively rich in stromal cells, which generally consist of cancer‐associated fibroblasts and mural cells, and most of the microvessels were located in the stromal areas (data not shown). Thus, the tumor microenvironment status of Caki‐2 xenografts might affect the sensitivity to lenvatinib, even when in combination with everolimus, and further investigations are required to elucidate the underlying mechanism.

Lenvatinib inhibits Erk1/2 and S6K--S6 signaling through blockade of VEGFR and FGFR (Fig. [5](#cas13169-fig-0005){ref-type="fig"}d).[6](#cas13169-bib-0006){ref-type="ref"} In contrast, everolimus affects the mTOR pathway without influencing the phosphorylation of Erk1/2, but completely inhibits the phosphorylation of S6K (Thr389), which is predominantly phosphorylated by the mTOR complex.[32](#cas13169-bib-0032){ref-type="ref"}, [33](#cas13169-bib-0033){ref-type="ref"} However, the everolimus‐inhibited phosphorylation of S6K (Thr421/Ser424) and S6 (Ser235/Ser236) was weaker than that of S6K (Thr389). In comparison, combined treatment with lenvatinib plus everolimus resulted in a much greater inhibition of the mTOR--S6K--S6 pathway, specifically of S6K (Thr421/Ser424) and S6 (Ser235/Ser236) phosphorylation. Previous reports have revealed that, downstream of the mTOR complex, S6K and S6 can also be activated by Erk1/2 signaling, with phosphorylation at the Thr421/Ser424 and Ser235/Ser236 residues, respectively (Fig. [5](#cas13169-fig-0005){ref-type="fig"}d).[32](#cas13169-bib-0032){ref-type="ref"}, [33](#cas13169-bib-0033){ref-type="ref"}, [34](#cas13169-bib-0034){ref-type="ref"} Therefore, the greater inhibition of S6K and S6 may be due to lenvatinib blockade of Erk1/2 cross‐signaling in the S6K--S6 pathway (downstream of mTOR), in addition to direct inhibition of mTOR by everolimus. Collectively, our results suggest that the inhibition of the MAPK pathway by lenvatinib and the increased inhibition of the mTOR--S6K--S6 pathway by lenvatinib plus everolimus enhance the inhibitory effect of the drug combination on VEGF‐ and FGF‐driven angiogenesis.

Accumulating evidence indicates that FGF acts as pro‐angiogenic factor and that activation of the FGF signaling pathway is a potential mechanism of escape from anti‐VEGF therapy, including in mRCC.[26](#cas13169-bib-0026){ref-type="ref"}, [27](#cas13169-bib-0027){ref-type="ref"} Given that: (i) FGF‐mediated angiogenesis appears to play a major role in tumor growth in Caki‐1 xenograft models (Fig. [3](#cas13169-fig-0003){ref-type="fig"}c,d); (ii) lenvatinib plus everolimus treatment resulted in tumor regression in this model (Fig. [1](#cas13169-fig-0001){ref-type="fig"}a); and (iii) lenvatinib is a strong inhibitor of FGF signaling,[6](#cas13169-bib-0006){ref-type="ref"} we hypothesize that the tumor regression in Caki‐1 xenograft mouse models by the lenvatinib plus everolimus combination is at least partly mediated through inhibition of FGF‐mediated angiogenesis. The distinctive kinase inhibition profile of lenvatinib, specifically its inhibitory activity against FGFRs, may enable it to overcome FGF‐mediated escape mechanisms from VEGF signaling inhibition, and likely, at least partially, underlies the clinical efficacy of the combination of lenvatinib plus everolimus seen in patients with mRCC. Both FGFR1 and FGFR2 are overexpressed in mRCC, and FGF signaling in RCC tumor cells is also associated with malignancy and intrinsic resistance to VEGFR inhibition.[35](#cas13169-bib-0035){ref-type="ref"}, [36](#cas13169-bib-0036){ref-type="ref"}, [37](#cas13169-bib-0037){ref-type="ref"} The combined targeting of the FGFR and mTOR pathways in RCC tumor cells may also be another mechanism underlying the observed clinical activity of the lenvatinib plus everolimus combination (Fig. [5](#cas13169-fig-0005){ref-type="fig"}c). However, as IC~50~ values of lenvatinib in A‐498 and Caki‐1 cell proliferation assays exceeded 5 μmol/L, we surmised that lenvatinib lacked direct antiproliferative activity in these cells. Further experiments using RCC cell lines highly addicted to FGF signaling and tumor tissue samples from patients with RCC who are resistant to VEGF‐targeted agents may yield additional insight into the potent antitumor activity of the lenvatinib plus everolimus combination.

In summary, we propose a plausible biologic rationale for the observed antitumor activity of the lenvatinib plus everolimus combination in preclinical RCC models. We postulate that the enhanced activity of this combination treatment is due to the following activities of the two individual compounds: (i) lenvatinib and everolimus additively or synergistically inhibit FGF‐ as well as VEGF‐induced angiogenesis (Fig. [5](#cas13169-fig-0005){ref-type="fig"}a); (ii) lenvatinib has potent anti‐angiogenic activity, whereas everolimus exerts a direct antitumor effect (Fig. [5](#cas13169-fig-0005){ref-type="fig"}b); and (iii) lenvatinib and everolimus cooperate in the inhibition of FGF‐driven tumor growth (Fig. [5](#cas13169-fig-0005){ref-type="fig"}c). Targeting multiple oncogenic pathways by using combinations of molecularly targeted agents can enhance the efficacy of, or overcome the resistance associated with, monotherapies. We showed here that the combination of lenvatinib plus everolimus targets both tumor cell growth and angiogenesis. Therefore, combination treatment with agents that individually target tumor cells as well as non‐tumor cells that contribute to the tumor microenvironment may be a powerful and promising concept for potent tumor suppression.
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**Fig. S1.** Effects of lenvatinib, everolimus, and the combination on gene expressions in A‐498 renal cell carcinoma xenografts.
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**Fig. S2.** Tissue hypoxia in A‐498 renal cell carcinoma xenografts.
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**Fig. S3.** Expression levels of *VEGFA, FGF1, FGF2* (basic FGF), and *MTOR* in A‐498, Caki‐1, and Caki‐2 renal cell carcinoma cells *in vitro*.
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**Fig. S4.** Relative body weight in KP‐1/vascular endothelial growth factor (VEGF) and KP‐1/fibroblast growth factor (FGF) xenograft models.
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**Table S1.** TaqMan gene expression assays used for quantitative RT‐PCR analysis.
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**Appendix. S1.** Supporting materials and methods.
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